We have identified surface ruptures of M Ն 6 earthquakes on a branch of the propagating reverse fault system that produced the strongest event recorded in France during the twentieth century (1909 Lambesc earthquake, Provence). The rate of slip on that branch is 0.05-0.3 mm/yr with a corresponding return period for M Ն 6 events of 700-5000 yr. In addition to possibly identifying the 1909 earthquake surface rupture, by recognizing successive surface breaks of large earthquakes, this study calls for a reassessment of seismic hazard in Provence.
INTRODUCTION
In slowly active, low-seismicity regions like western Europe, seismic hazard assessment is difficult because subtle earthquake-generated landforms may be resurfaced by erosion and human activities. This is accentuated in regions undergoing shortening where geomorphic marks left by active folding and thrusting are tenuous (Keller et al., 1999) and where even strong earthquakes fail to rupture the land surface (Stein and King, 1984; Shaw and Shearer, 1999) . In such environments, tectonic geomorphology remains the only reliable tool to detect potentially active faults and to use paleoseismology to extend the short seis-*Current addresses: Chardon-Institut de Recherche pour le Développe-ment, UMR 161 CEREGE, BP A5, 98848 Nouméa Cedex, New Caledonia; Email: dominique.chardon@noumea.ird.nc; Nguyen-Agrosphere ICG-IV, Forschungzentrum Jülich, D-52425 Jülich, Germany. mic record provided by instrumental (a few tens of years) or historical (a few hundred years) seismicity.
Provence (Fig. 1A) , the common foreland to the Pyrenees and the Alps, poses a sizable earthquake hazard despite a very slow deformation rate and a low level of instrumental and historical seismicity (Baroux et al., 2001; Calais et al., 2002) . This densely populated area that comprises critical industrial infrastructures may undergo damaging earthquakes, such as the Lambesc earthquake of 11 June 1909 (Mw ϭ 6) (Baroux et al., 2003) , the strongest event of the instrumental era in France (Fig. 1A ). This earthquake stands as a reference for better understanding the seismic behavior of active faults and earthquake hazard in western Europe.
Here we report the surface ruptures of strong past earthquakes on the fault system that produced the Lambesc event, which will help assess the earthquake hazard in Provence, an area of low hazard but moderate to high levels of seismic risk.
SEISMOTECTONIC SETTING AND TECTONIC GEOMORPHOLOGY
Clusters of historical earthquakes and paleoseismic activity are reported from the main western Provence boundary faults (Combes et al., 1993; Levret et al., 1996; Sébrier et al., 1997; Dutour et al., 2002) (Fig. 1A) . The Lambesc earthquake took place in western Provence (Fig. 1A) . Despite the lack of evidence for surface ruptures, combined macroseismic, geological, and seismological data indicate that the earthquake occurred along the south-verging Trévaresse reverse fault, a ramp located beneath the Trévaresse ridge anticline (Lacassin et al., 2001; Chardon and Bellier, 2003; Baroux et al., 2003) (Fig. 1A) . Detailed geological, geomorphic, and microtopographic surveys, interpretation of 50-cm-resolution aerial orthophotographs, and analysis of digital elevation models allowed detailed mapping of the Quaternary deposits and fault traces of the piedmont of the Trévaresse ridge anticline (Fig. 1B) .
The main Trévaresse fault displays two segments (Fig. 1B) ; the eastern one is connected to two reverse faults mapped ϳ500 m and ϳ700 m south of the main fault trace, where the map curvature of the fault system is maximum (Fig. 1B) . These reverse faults are the l'Ermitage fault (formerly Couteron fault; Chardon and Bellier, 2003) and the la Fauchonne fault (Figs. 1B and 2A) . The emergence of the l'Ermitage fault is systematically marked by a ramp anticline (i.e., the l'Ermitage fold) seen in the stream cuts of the piedmont of the ridge (Chardon and Bellier, 2003) . The potential emergence of the la Fauchonne fault (Fig. 1B) is inferred from the subvertical, N100ЊE-trending beds of Tortonian sandstones in the la Fauchonne stream cut, interpreted as the forelimb of a frontal fault-related anticline.
We have recognized and mapped a single generation of calcretecapped alluvial fans (T2) (Fig. 1B) . The fans show clasts of limestone and flint in a reddish sandy to silty matrix. Gouvernet et al. (1970) , on the basis of regional correlations, reported fans as Rissian in age. One generation of alluvial fan terraces (T1) is stepped into the fans. Accelerator mass spectrometer 14 C dates on charcoals from the T1 deposits ranging from the seventeenth to nineteenth centuries suggest a modern age for the late aggradation of the fan terraces (Nguyen et al., 2004) .
Microtopographic surveys reveal that the trace of the l'Ermitage fault is underlined by an escarpment offsetting the abandonment surface of the l'Ermitage and la Fauchonne T2 fans (Fig. 1B) . Along la Fauchonne Creek (Fig. 1B) , the scarp may reach 8 m in height, whereas microtopographic data suggest possible upwarping of the T1 fan terrace above the la Fauchonne fault (Fig. 2B) .
Slip along the main eastern Trévaresse fault segment (Fig. 1B ) since the emplacement of the T2 fans is considered negligible because (1) the surface of the l'Ermitage T2 fan does not appear to be offset by the fault (Chardon and Bellier, 2003) , and (2) this fault segment is either exhumed or sealed by T1 Holocene fluvial deposits (Nguyen et al., 2004) . This may indicate that the eastern segment of the main fault got locked before nucleation and forward propagation of the l'Ermitage and la Fauchonne faults.
PALEOSEISMOLOGICAL CONSTRAINTS
We excavated a 55-m-long trench across the scarp identified in the la Fauchonne T2 fan (Figs. 2B, 2C ). Fan deposits overlie S-dipping Tortonian beds that form the southern limb of the l'Ermitage anticline (Fig. 2C ).
An array of connected splays of the l'Ermitage fault cuts across the overturned contact between Miocene shales and fan deposits (Figs.  3A, 3E ). This pattern results from in-sequence propagation of the thrust fault splays into successive colluvial wedges dragged against the Miocene beds. The similar thicknesses of the colluvial wedges (Fig. 3A) would suggest that seven earthquakes of equivalent magnitudes occurred along the l'Ermitage fault, providing that each wedge results from an earthquake.
A seismic slip event along splay I postdates unit 6 and took place before deposition of unit 7 with an apparent slip of 20 cm (Fig. 3A) . This measurement can be considered as the true fault slip: it was made on the N-S-trending trench wall that is very close to the movement plane of the faults, as attested to by the N-S-trending, nearly reverse coseismic dip-slip striae measured along the splays in the alluviums (Fig. 3D) .
The latest event resulted from the propagation of the uppermost fault splay (V) that acquires a shallow dip within the fan deposits with an emerging ramp cutting through the top calcrete duricrust (Fig. 3A) . The 19 cm offset of the bottom of the modern soil horizon by that ramp (Figs. 3A, 3F ) suggests that this event could be the surface rupture of the Lambesc earthquake or the trace of a slightly older late Holocene event.
Displacements on splays I and V are minimum values as extra coseismic slip may have taken place on splays II, III, or IV. Propagation of splays II, III, and IV into the alluviums may not result from independent earthquakes, as they did not produce surface ruptures identifiable in the sedimentary record (Fig. 3A) . Moreover, the fact that splay II roots into splay I and splays III and IV root into splay V suggests that they may have propagated during the earliest event (splay II) and the latest event (splays III and IV).
The southern boundary of the hanging-wall fan remnant coincides with a S-dipping, N-verging flexural-slip fault (Figs. 2C and 3B ). Surface rupture is not established here, but fan deposits are affected by a spaced cleavage that appears to be linked to the slip of a bed-parallel fault splay that brought Miocene marls above fan deposits (Fig. 3B) .
At the northern tip of the trench (Fig. 2C) , fan deposits record a rupture event along a flexural slip fault showing a coseismic slip of 27 cm (Figs. 3C, 3G ). One identifies a preseismic alluvial sequence (up to unit ␣) and a postseismic colluvial-alluvial sequence (unit ␤) resulting from the degradation of the coseismic scarp (Fig. 3C) . The scarp and derived colluviums became buried below a younger aggrading fan sequence (unit ␥; Fig. 3C ).
DISCUSSION
The coseismic offsets measured on the l'Ermitage fault splays range from 19 cm to 27 cm, which would correspond to Mw 6.2 to Mw 6.4 earthquakes, considering the Wells and Coppersmith (1994) empirical relation between average fault displacement and magnitude. Figure 4 . Derived from the cumulative vertical offset considering the 35Њ dip of the fault measured in the trench. SR-Slip rate (mm/yr) calculated by dividing the true slip by the age of the fan. RI-Recurrence interval (yr) calculated by dividing the characteristic slip (i.e., 23 cm, average coseismic slip measured in the trench) by the slip rate. Such magnitudes imply surface rupture lengths of 10-16 km, requiring the l'Ermitage fault, which is Ͻ7 km long, to be linked to or activated together with the western segment of the main Trévaresse fault (Fig.  1B) to develop such magnitudes.
No fossils were found in the T2 fan due to the weathering of the alluviums. Moreover, recrystallization of the capping calcrete prevents U-Th dating. The slip rate of the l'Ermitage fault has therefore been calculated by considering ranges for the Rissian T2 fan age (100-300 ka) and for the finite vertical offset of the fault (8-17 m) (Table 1; Fig.  4 ). Considering a characteristic coseismic slip of 23 cm, computed maximum (0.3 mm/yr) and minimum (0.05 mm/yr) slip rates would lead to recurrence intervals of 700-5000 yr (Table 1) .
By ascribing M ϭ 6.2-6.4 earthquakes to the 7 colluvial wedges seen in Figure 3A and considering the fault-slip events recognized in the trench, our results suggest that a maximum sequence of 10 seismic events, comparable to or larger than the Lambesc earthquake, may have been recorded by the fan deposits exposed in the trench. Considering the characteristic seismic slip model chosen here (Table 1) , such an earthquake sequence would represent an ϳ10-50 k.y. period of seismic record.
CONCLUSION
For the first time, repeated surface breaks of strong earthquakes are reported along the Trévaresse reverse fault system. Characteristics of the paleoearthquakes documented here provide a first firm basis for assessing seismic hazard in the Aix-en-Provence region, especially regarding the potential for strong events comparable to or larger than the Lambesc earthquake. Active faulting along the Trévaresse fault system led to tenuous and distributed surface deformation, suggesting our results may underestimate the level of seismic hazard in the area, and prompting us to extend our investigation to the other branches of the Trévaresse reverse fault system.
